Antigen-induced activation of resting T-cells induces the synthesis of interleukin-2 (IL-2), as well as the expression of specific cell surface receptors for this lymphokine. There are at least two forms of the cellular receptors for IL-2, one with a very high affinity and the other with a lower affinity. We have identified two IL-2 binding peptides, a 55-kd peptide reactive with the anti-Tac monoclonal antibody, and a novel 75-kd non-Tac IL-2 binding peptide. Cell lines bearing either the p55, Tac, or the p75 peptide alone manifested low-affinity IL-2 binding, whereas cell lines bearing both peptides manifested both high-and low-affinity receptors. Fusion of cell membranes from low-affinity IL-2 binding cells bearing the Tac peptide alone with membranes from a cell line bearing the p75 peptide alone generates hybrid membranes bearing high-affinity receptors. We propose a multichain model for the high-affinity IL-2 receptor in which both the Tac and the p75 IL-2 binding peptides are associated in a receptor complex.
Introduction
The human body defends itself against foreign invaders such as bacteria and viruses by a defense system that involves antibodies and thymus-derived lymphocytes (T-cells). The success of this response requires that human T-cells change from a resting to an activated state. Activated T-cells are responsible for the regulation of the immune response, as well as for the elimination of foreign invaders and the rejection of transplanted organs. Failure of the T-cells to become activated and function normally may be associated with serious disease and death. The sequence of events involved in the activation of human T-cells begins when resting T-cells circulating in the bloodstream initially encounter a foreign pathogen. The appropriately processed and presented foreign antigen must interact with a T-cell surface receptor for the specific antigen. This human T-cell antigen receptor has been shown to be a 90-kd polymorphic heterodimer of a and chains, each approximately 40 to 50 kd, associated with three or more 20-to 28-kd nonpolymorphic polypeptide chains identified by the T3 monoclonal antibody. Following the interaction of the antigen presented in the context of products of the major histocompatibility locus and the *National Cancer Institute, National Institutes of Health, Bethesda, MD 20892.
macrophage-derived interleukin-1 with the antigen receptor, T-cells express the gene encoding the lymphokine IL-2 (1, 2) . To exert its biological effect, IL-2 must interact with specific high-affinity membrane receptors. Resting T-cells do not express IL-2 receptors, but receptors are rapidly expressed on T-cells after activation with an antigen or mitogen (3, 4) . Thus, the growth factor IL-2 and its receptor are absent in resting T-cells, but after activation the genes for both proteins become expressed. A failure of the production of either the growth factor or its receptor results in failure of the Tcell immune response. Although the interaction of appropriately presented antigen with its specific polymorphic receptor complex confers specificity for a given immune response, the interaction of IL-2 with IL-2 receptors determines its magnitude and duration. Furthermore, IL-2 is required for the development of the functional capacities of the T-lymphocyte.
Progress in the analysis of the structure, function, and expression of the human IL-2 receptor was greatly facilitated by our production of the anti-Tac monoclonal antibody that recognizes the human receptor for IL-2 (5, 6) and blocks the binding of IL-2 to this receptor.
Using quantitative receptor binding studies employing radiolabeled anti-Tac and radiolabeled IL-2, it was shown that activated T-cells and IL-2-dependent T-cell lines express 5-to 20-fold more binding sites for the Tac antibody than for IL-2 (7, 8) . Employing high concen-trations of IL-2, Robb et al. (9) resolved these differences by demonstrating two affinity classes of IL-2 receptors. On various cell populations, 5 to 15% of the IL-2 receptors had a binding affinity for IL-2 in the range of 10'1 to 10-12M, whereas the remaining receptors bound IL-2 at a much lower affinity, approximately 108 or 10' M. Such low-affinity sites were found whenever high-affinity sites were found, including murine and human T-and B-cells of both normal and leukemic origin. The high-affinity receptors appear to mediate the physiological responses to IL-2, since the magnitude of cell responses is closely correlated with the occupancy of these receptors. As outlined below, we have utilized the anti-Tac monoclonal antibody to: characterize the human receptor for IL-2; molecularly clone cDNAs for the human IL-2 receptor; analyze disorders of IL-2 receptor expression on leukemic cells; and develop protocols for the therapy of patients with IL-2 receptor-expressing adult T-cell leukemia and autoimmune disorders and for individuals receiving organ allografts.
Chemical Characterization of the IL-2 Receptor
The IL-2 binding receptor peptide identified by the anti-Tac monoclonal on phytohemagglutinin (PHA)-activated normal lymphocytes was shown to be a 55-kd glycoprotein (6,10). Leonard and co-workers (6,10) defined the post-translational processing of this 55-kd glycoprotein by employing a combination of pulse-chase and tunicamycin experiments. The IL-2 receptor was shown to be composed of a 33-kd peptide precursor following cleavage of the hydrophobic leader sequence. This precursor was cotranslationally N-glycosylated to 35-and 37-kd forms. After a 1-hour chase, the 55-kd mature form of the receptor appeared, suggesting that 0-linked carbohydrate was added to the IL-2 receptor.
Furthermore, the IL-2 receptor was shown to be sulfated (11) and phosphorylated on a serine residue (12) .
There was a series ofunresolved questions concerning the IL-2 receptor that were difficult to answer when only the 55-kd Tac peptide was considered. These questions include: What is the structural explanation for the great difference in affinity between high-and low-affinity receptors? How, in light of the short cytoplasmic tail of 13 HUT 102) that manifested both high and low-affinity receptors. Furthermore, fusion of cell membranes from low-affinity IL-2 binding cell lines bearing the Tac peptide alone with membranes from a cell line bearing the p75 peptide alone generated hybrid membranes bearing high-affinity receptors. These studies support our multichain model for the high-affinity IL-2 receptor in which an independently existing Tac or p75 peptide would represent low-affinity receptors, whereas high-affinity receptors would be expressed when both peptides are present and associated in a receptor complex (13 (17) have demonstrated that the single gene encoding the IL-2 receptor consists of eight exons on chromosome 10pl4. However, mRNAs of two different sizes (approximately 1500 and 3500 bases long) have been identified. These classes of mRNA differ because of the utilization of two or more polyadenylation signals (14) . Receptor gene transcription is initiated at two principal sites in normal activated T-lymphocytes (17) . Furthermore, sequence analyses of the cloned DNAs also indicate that alternative mRNA splicing may delete a 216-base pair segment in the center of the protein coding sequence encoded by the fourth exon (14, 17) . Using expression studies of cDNAs in COS-1 cells, Leonard and co-workers (14) demonstrated that the unspliced, but not the spliced form, of the mRNA was translated into the cell surface receptor that binds IL-2 and the anti-Tac monoclonal antibody.
Distribution of IL-2 Receptors
As discussed above, the majority of resting T-cells, B-cells, or macrophages in the circulation do not display IL-2 receptors. Specifically, less than 5% of freshly isolated, unstimulated human peripheral blood T-lymphocytes react with the anti-Tac monoclonal antibody. The majority of T-lymphocytes, however, can be induced to express IL-2 receptors by interaction with lectins, monoclonal antibodies to the T-cell antigen receptor complex, or alloantigen stimulation. Furthermore, IL-2 receptors have also been demonstrated on activated B-lymphocytes (18) The anti-Tac monoclonal antibody has been used to define those lymphocyte functions that require an interaction of IL-2 with its inducible receptor on activated T-and B-lymphocytes. The addition of anti-Tac to cultures of human peripheral blood mononuclear cells inhibited a variety of immune reactions. Anti-Tac profoundly inhibited the proliferation of T-lymphocytes stimulated by soluble antigens and by cell surface antigens (autologous and allogeneic mixed lymphocyte reactions). Upon activation, human T-cells acquire surface structures, which in large measure are growth factor receptors not easily detectable during their resting stage (20, 21) . The addition of anti-Tac at the initiation of cultures of T-cells stimulated by mitogens, antigens, or the T3 antibody inhibited the expression of the lateappearing activation antigens examined, the insulin and transferrin receptors, and Ia antigens (20, 21) . Anti-Tac was also shown to inhibit a series of T-cell functions, including the generation of both cytotoxic and suppressor T-lymphocytes in allogeneic cell cultures, but antiTac did not inhibit their action once generated. In contrast to the action on T-cells, anti-Tac did not inhibit the activation of natural killer cells by IL-2. In general, such cells are Tac-antigen negative but express the p75 binding peptide (Tsudo and Waldmann, unpublished observations).
Disorders of IL-2 Expression in Adult T-Cell Leukemia
A distinct form of mature T-cell leukemia was defined by Takasuki and co-workers (22) and termed adult Tcell leukemia (ATL). ATL is a malignant proliferation of mature T-cells that have a propensity to infiltrate the skin. Cases of ATL are associated with hypercalcemia and usually have a very aggressive course. The ATL cases are clustered within families and geographically, occurring in the southwest of Japan, the Caribbean basin, and in certain areas of Africa. HTLV-I has been shown to be a primary etiologic agent in ATL (23) . Ali the populations ofleukemic cells we have examined from patients with HTLV-I-associated ATL expressed the Tac antigen (24) . The expression of IL-2 receptors on ATL cells differs from that of normal T-cells. First, unlike normal T-cells, ATL celis do not require prior activation to express IL-2 receptors. Furthermore, using a 3H-labeled anti-Tac receptor assay, HTLV-I-infected luekemic T-cell lines characteristicaliy expressed 5-to 10-fold more receptors per cell (270,000-1,000,000) than did maximally PHA-stimulated T-lymphoblasts (30,000-60,000). In addition, whereas normal human Tlymphocytes maintained in culture with IL-2 demonstrate a rapid decline in receptor number, adult ATL lines do not show a similar decline. It is conceivable that the constant presence of high numbers of IL-2 receptors on ATL cells and/or the aberrancy of these receptors may play a role in the pathogenesis of uncontrolled growth of these malignant T-cells.
As noted above, T-cell leukemias caused by HTLV-I, as well as all T-cell and B-cell lines infected with HTLV-I, universally express large numbers of IL-2 receptors. An analysis of this virus and its protein products suggests a potential mechanism for this association between HTLV-I and IL-2 receptor expression. The complete sequence of HTLV-I has been determined by Seiki and colleagues (25) . In addition to the presence of typical long terminal repeats (LTRs), gag, pol, and env genes, retroviral gene sequences common to other groups of retroviruses, HTLV-I and -II were shown to contain an additional genomic region between env and the 3' LTR referred to as pX or more recently as tat. Sodroski and colleagues (26) The observation that ATL cells constitutively express large numbers of IL-2 receptors identified by the antiTac monoclonal antibody, whereas normal resting cells and their precursors do not, provides the scientific basis for therapeutic trials using agents to eliminate the IL-2 receptor-expressing cells. Such agents could theoretically eliminate Tac-expressing leukemic cells or activated T-cells involved in other disease states while retaining the mature, normal T-cells and their precursors that express the full repertoire for T-cell immune responses. The agents that have been used or are being prepared include unmodified anti-Tac monoclonal; toxin (e.g., the A chain of ricin toxin, Pseudomonas toxin) conjugates of anti-Tac; and conjugates of alpha-emitting isotopes (e.g., bismuth-212) with anti-Tac.
We have initiated a clinical trial to evaluate the efficacy of administered IV anti-Tac monoclonal antibody in the treatment of patients with ATL (27) . None of the seven patients treated suffered any untoward reactions and none produced antibodies to the mouse immunoglobulin or to the idiotype of the anti-Tac monoclonal. Two of the patients had a temporary partial response or complete remission following anti-Tac therapy. In one of these patients, therapy was followed by a 5-month remission, as assessed by routine hematological tests, immunofluorescence analysis of circulating Tcells, and molecular genetic analysis of arrangement of the genes encoding the ,B chain of the T-cell antigen receptor. Following the 5-month remission, the patient's disease relapsed, but a new course of anti-Tac infusions was followed by a virtual disappearance of skin lesions and an over 80% reduction in the number of circulating leukemic cells. Two months subsequently, leukemic cells were again demonstrable in the circulation. At this time, although the leukemic cells remained Tac positive and bound anti-Tac in vivo, the leukemia was no longer responsive to infusions of anti-Tac and the patient required chemotherapy. In addition to its use in the therapy of patients with ATL, antibodies to the IL-2 receptors are being evaluated as potential therapeutic agents to eliminate activated IL-2 receptor-expressing T-cells in other clinical states, including certain autoimmune disorders and in protocols involving organ allografts. The rationale for the use of anti-Tac in patients with the disease aplastic anemia is derived from the work of Zoumbos and coworkers (31) who have demonstrated that select patients with aplastic anemia have increased numbers of circulating Tac-positive cells. In this group of patients, the Tac-positive, but not Tac-negative, T-cells were shown to inhibit hematopoiesis when cocultured with normal bone marrow cells. Furthermore, we have demonstrated that anti-Tac inhibits the generation of activated suppressor T-cells (Oh-ishi and Waldmann, unpublished observations). Studies have been initiated to define the value of anti-Tac in the therapy of patients with aplastic anemia. The rationale for the use of an antibody to IL-2 receptors in recipients of renal and cardiac allografts is that anti-Tac inhibits the proliferation of T-cells to foreign histocompatibility antigens expressed on the donor organs and prevents the generation of cytotoxic T-cells in allogeneic cell cocultures. Furthermore, in studies by Strom and co-workers (32), the survival of renal and cardiac allografts was prolonged in rodent recipients treated with an anti-IL-2 receptor monoclonal antibody. Thus, the development of monoclonal antibodies directed toward the IL-2 receptor expressed on ATL cells, on autoreactive T-cells of certain patients with autoimmune disorders, and on host T-cells responding to foreign histocompatibility an-tigens on organ allografts may permit the development of rational new therapeutic approaches in these clinical conditions.
